The C. elegans gonad is thus poised to understand how Notch modulates transcriptional bursting in a 88 native context. In this work, we focus on live imaging of sygl-1 nascent transcripts to confirm the 89 existence of transcriptional bursting, and to quantitate burst features as a function of position within the 90 stem cell pool. Arguably our most important conclusion is that wild-type Notch signaling modulates or 91 "tunes" the duration of active transcriptional bursts, but has little or no effect on duration of the 92 inactive pauses between bursts or burst intensity. This result contrasts with conclusions of other 93 studies, mostly in tissue culture, which highlight burst frequency as the primary target of regulation (see 94 Discussion). 95
RESULTS 96
Live imaging of Notch-dependent transcriptional activation 97
To visualize the dynamics of Notch-dependent transcription, we implemented the MS2 system in the C. 98 elegans germline. This system relies on a high affinity interaction between MS2 coat protein (MCP) and 99 MS2 RNA loops to bring GFP to transcripts ( Figure 1C ) (Bertrand et al., 1998; Larson et al., 2009 ). We 100 used two integrated transgenes to express the system in germ cells ( Figure 1D ). The first is an operon 101 that employs a strong germline promoter, mex-5, to drive expression of two proteins, MCP fused to 102 superfolder GFP (MCP::GFP hereafter) to detect nascent transcripts and histone subunit H2B fused to 103 mCherry to mark nuclei. The second carries a Notch target gene, sygl-1, plus 24 MS2 loops inserted into 104 its 5' UTR. Without MS2 loops, this transgene rescues a sygl-1 null mutant, but with MS2 loops, it makes 105 no SYGL-1 protein ( Figure S1A ). Therefore, overall SYGL-1 abundance is likely not affected. 106
Our MS2 system allows visualization of sygl-1 nascent transcripts in living animals ( Figures 1E and 1F) . 107
To image them over time, we immobilized intact animals on a microscope slide, using microbeads and confocal microscope equipped with a temperature-controlled stage, set at 20°C, to image the distal two-115 thirds of the PZ in live animals at 5-minute intervals for extended periods (three to nine hours). 116 MCP::GFP dots and H2B::mCherry nuclei were both easily detected ( Figures 1E and 1F , Movies 1 and 2) 117 and overlapped with the H2B::mCherry nuclear marker (106 dots from 6 gonads traced over time, e.g. 118 Figure 1F ). Next, we treated animals with α-amanitin, a Pol II inhibitor that abolishes transcription 119 (Lindell et al., 1970) . All MCP::GFP dots disappeared after α-amanitin treatment, and then reappeared 120 after a wash to remove α-amanitin ( Figure S1B ). Therefore, the MCP::GFP dots reflect transcription. 121
To ask if Notch-dependent transcriptional activation occurs in bursts, we traced MCP::GFP dots in 3D for 122 several hours and recorded their signal intensities over time (n = 177 dots in 10 gonads). GFP signal 123 intensities oscillated between well above background ("ON") and indistinguishable from background 124 ("OFF") (Movies 1 and 2). Because the MCP::GFP dots did not move dramatically within their nucleus 125 (see Methods), we were able to identify individual loci through consecutive bursts. 126 Importantly, the dynamic MCP::GFP dots were scored at 5 μm intervals across and beyond the GSC pool 127 within the progenitor zone; these 5 μm intervals were then translated to the more traditional measure 128 of number of germ cell diameters (gcd) from the distal end. The vast majority of MCP::GFP dots were 129 restricted to the GSC pool region (1 to ~35 μm, or 1 to 6-8 gcd from the distal end), similar to the 130 restriction of sygl-1 ATS in fixed samples (Lee et al., 2016) . The rare MCP::GFP dots found outside that 131 region were just beyond, and no dots were seen proximal to 40 μm or 9 gcd from the distal end. By 132 contrast, nuclei marked with H2B::mCherry were seen throughout the gonad, as expected given the 133 germline promoter ( Figure 1E , Movie 1 and 2). We conclude that Notch-dependent activation occurs in 134 bursts within germ cells known to be regulated by GLP-1/Notch signaling from the niche, and that low 135 level or "noisy" bursting was undetectable beyond those cells. 136
A gradient in duration of Notch-dependent transcriptional bursts 137
We next analyzed key dynamic burst features (Figure 2A ) for each Notch-dependent burst and did so as 138 a function of position along the gonadal axis ( Figure 2B ). Transcriptional bursts are episodic with periods 139 of activity (ON-times) punctuated by periods of inactivity (OFF-times). From the intensity of MCP::GFP 140 nuclear signals recorded over time and their normalization to background (see Methods), we 141 determined the duration of ON-time and OFF-time in addition to mean signal intensity over the 142 transcriptionally active period. Each feature was scored at 5 μm intervals across and beyond the GSC 143 pool. Figures 2C and 2D show representative graphs for recordings at two distinct positions: one is near 144 the niche ( Figure 2C ), comparable to the position of Box 1 in Figure 1E , and one is more proximal (Figure  145 2D), comparable to the position of Box 2 in Figure 1E . 146
Our analyses revealed that the lengths of transcriptional burst activity, or ON-times, were sharply 147 graded across the GSC pool --from ~70 minutes at its distal end to ~10 minutes at its proximal end 148 ( Figure 2E ). By contrast, periods of transcriptional inactivity, or OFF-times, were not graded but instead 149 essentially constant across the pool, with average pauses of roughly half an hour ( Figure 2F ). The mean 150 intensities of individual bursts were highly variable ( Figure 2G , dots), but the averages for all individual 151 bursts at a given position were comparable across the GSC pool ( Figure 2G , blue line). However, the 152 number of actively transcribing loci was graded, with the most distal nuclei having the highest average 153 number of MCP::GFP dots ( Figure 2H ). The overall transcriptional activity per nucleus was therefore also 154 graded when considered at the cellular level ( Figure S2A ), despite the uniform average burst intensity 155 assessed at the level of individual chromosomal loci ( Figure 2G ). These burst dynamics are consistent 156 with results from the previously reported smFISH study ( Figure S2B ). We conclude that the graded 157 transcriptional response to Notch signaling is generated by a gradient in the duration of active 158 transcriptional bursting (ON-time) rather than a gradient in either burst intensity or the duration of 159 transcriptional inactivity (OFF-time). Because ON-times are graded, burst sizes (ON-time x mean signal 160 intensity) are also graded. We conclude that the Notch transcriptional response is "tuned" at the level 161 of burst duration. 162
Stochasticity of Notch-dependent burst dynamics 163
We next investigated the independence or stochasticity of Notch-dependent bursts at individual loci. 164
For this analysis, we first investigated consecutive bursts at the same sygl-1 locus ( Figure 3A ). To this 165 end, we not only analyzed data from all consecutive bursts, regardless of position, but also assessed the 166 data as a function of position ( Figure 3B , dot colors correspond to position). Essentially no correlation 167 was found for either the summed data (Pearson's r = 0.1) or position-specific data (r ranged from 0.03 to 168 0.19, depending on position) ( Figure 3B , see legend for r values by position). Moreover, differences in 169 the durations between consecutive bursts were highly variable, ranging over a span of 250 minutes 170 ( Figure 3C ). We also compared other paired features, such as durations of an active burst and its 171 following inactive pause, durations of a pause and its following burst, and durations of consecutive 172 pauses. These additional pairs also failed to correlate, with r values near zero, regardless of position, 173 and a broad distribution in differences ( Figures S3 A-F) . Thus, the ON-times of consecutive bursts cannot 174 be predicted even at the same position within the gonad ( Figure 3B ), despite their gradient ( Figure 2E ). 175 A similar stochasticity was found when one sygl-1 locus was compared to a different sygl-1 locus in the 176 same nucleus ( Figure 3D ; see Methods). The percentage of time that both loci were in the same state 177 was equivalent to that predicted by chance. We conclude that Notch-dependent ON-and OFF-times are 178 stochastic at any given locus. 179
Burst intensities, on the other hand, were not fully independent at consecutive bursts from the same 180 locus. Their correlation was modest, either when summed or by position ( Figure 3E , r = 0.54 when 181 summed; see legend for r values by position). By contrast, no correlation was seen for random pairings 182 ( Figures S4A and S4B ) or for pairings between synchronous bursts at different loci within the same 183 nucleus ( Figures 3G, S4C, and S4D ). In addition, differences between average intensities of consecutive 184 bursts at the same locus varied less than randomly-paired average intensities or those recorded at 185 different loci in the same nucleus (compare Figure 3F to Figure S4B ). We conclude that Notch-186 dependent burst intensities are not fully independent at a single locus, but are independent between 187 loci in the same nucleus. 188
Notch NICD modulation of burst dynamics 189
The graded Notch-dependent transcriptional response reflects a gradient in "signaling strength", a rough 190 measure of the entire pathway (Lee et al., 2016) . To assess the role of the GLP-1/Notch NICD 191 specifically, we employed the temperature-sensitive Notch receptor mutant, glp-1(q224), which has 192 weaker than normal biological activity at permissive temperature (15°C) and essentially no activity at 193 restrictive temperature (25°) (Austin and Kimble, 1987) . This mutant harbors a single amino acid change 194 in its NICD, which weakens stability of the Notch-dependent transcription activation complex (Petcherski 195 and Kimble, 2000) . By smFISH, the Notch response was reduced in this mutant at 15°C, including a 196 lower probability of transcription and fewer sygl-1 nascent transcripts at each ATS ( Figure S2B ) (Lee et 197 al., 2016) . In wild-type animals, by contrast, the probability of transcription and nascent transcript 198 output were both equivalent at 15°, 20° and 25° (Lee et al., 2016) . 199
To understand the role of the NICD in bursting dynamics, we introduced our MS2 system into animals 200 homozygous for glp-1(q224). The resultant strain was phenotypically indistinguishable from glp-1(q224) 201 on its own (see Methods). We recorded MCP::GFP signal intensities over time in glp-1(q224) at 15°C 202 (Movies 3 and 4), and compared their dynamic burst features to wild type (Figure 4 ). Mutant ON-times 203 decreased roughly three-fold, but, as in the wild type, they were graded across the GSC pool ( Figure 4A) . 204
Mutant OFF-times, by contrast, increased about 1.5-fold over wild type and were not graded ( Figure 4B ). 205
As in wild type, the mean intensities for individual bursts were highly variable, but their averages at each 206 position were fairly constant across the GSC pool and about 2-fold lower than wild type ( Figure 4C , solid 207 vs dotted line). These decreases in both burst duration and intensity thus lead to a dramatic decrease in 208 burst size (duration x intensity). The number of transcriptionally active loci per nucleus decreased 3-4-209 fold at each position and were again graded ( Figure 4D ). These live imaging data are consistent with 210 findings with smFISH ( Figure S2B ) (Lee et al., 2016) . In sum, an NICD that is compromised for assembly 211 into the Notch-dependent transcription activation complex causes decreases in both burst duration and 212 intensity, but as in the wild type, burst duration is graded while intensity is not graded. 
Notch signaling strength modulates burst duration 245
A second major conclusion from this work is that in vivo Notch signaling modulates burst duration (ON-246 time) to determine the probability of its transcriptional activation. smFISH had revealed a spatial 247 gradient of Notch-dependent transcriptional probability (Lee et al., 2016 ). Here we find that burst ON-248 times are also steeply graded, much like the transcriptional probability; by contrast, OFF-times and 249 mean burst intensities are not graded but essentially constant across the GSC pool. Therefore, Notch 250 modulation of burst duration appears to be the key determinant of transcriptional probability. This 251 gradient reflects a gradient in Notch signaling strength, but how that strength modulates burst duration 252 remains an open question. The answer is unlikely to depend on stability of the Notch-dependent 253 ternary complex, because that reduces both burst intensity and duration, as seen for the mutant NICD in 254 glp-1(q224). We suggest therefore that some other aspect of Notch signaling is likely graded, such as 255 ligand concentration. Regardless, this system can now be used to investigate how burst duration is 256 regulated in an in vivo setting. Questions include whether burst duration is determined by the turnover 257 dynamics of chromatin modifications or how long the promoter is sustained in a phase-separated state. 
Stochasticity of Notch-dependent ON-times and OFF-times 293
The stochasticity of Notch-dependent transcription was first discovered with smFISH (Lee et al., 2016) , 294 but the current live imaging analysis clarified its stochasticity in terms of key burst features. Thus, the 295 ON-and OFF-times are not correlated with each other, either for consecutive bursts at the same locus or 296 for bursts at distinct loci within the same nucleus (r ≤ 0.10 for the various pairings). The one exception is 297 mean burst intensity, which shows a modest correlation (r = 0.54) for consecutive bursts at the same 298 locus. Because no correlation was seen for bursts at distinct loci in the same nucleus, either by smFISH 299 or live imaging, we suggest that individual promoters may adopt a "configuration" that is sustained, at 300 least in part, for consecutive bursts. That configuration might involve, for example, promoter-specific 301 chromatin modifications (e.g. Lenhard et al., 2012) or promoter-specific phase-separation (e.g.Hnisz et 302 al., 2017). Yet the more striking result is the lack of correlation between most burst features. 303
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 569
Nematode strains and culture 570
Most strains were maintained at 20°C as described in (Brenner, 1974) Generation of strains carrying an MS2 system in the C. elegans germline 579 Constructs: (1) Transgenes: Single-copy transgenes were generated using the Mos1-mediated single-copy insertion 599 method (MosSCI) (Frøkjaer-Jensen et al., 2008). Briefly, 50 ng/µl plasmid (pJK2014 or pJK2020, see 600
Constructs) was microinjected into EG6699 or EG8082 along with transposase and co-injection markers. 601
Integration was screened by Unc movement rescue, and further confirmed by PCR amplification of Mos 602 insertion sites. At least two lines were generated for each construct and representative lines were 603 selected for further characterization: qSi369 for 24xMS2 loops::sygl-1 and qSi370 for MCP::GFP; 604 H2B::mCherry. 605
606
Final strains: To generate JK5896, a strain with the complete MS2 system in an otherwise wild-type 607 background, animals carrying qSi369 or qSi370 were crossed with each other, and their progeny were 608 validated using PCR and microscopy (green dots for qSi369 and red germ cell nuclei for qSi370). JK5896 609 had a normal growth rate (~4 days to become adult, n=75), brood size (~270 progeny after becoming 610 gravid, n=5) and progenitor zone size (~20 gcd, n=21) at 20°C, similar to those previously reported for 611
wild 
638
Confocal microscopy setup for MS2 live imaging 639
All imaging was done using a Leica TCS SP8 (confocal laser scanner) equipped with a Leica HC PL APO 640 CS2 63x/1.40 NA oil immersion objective, two sensitive hybrid detectors (HyDs) and standard and LAS 641 image acquisition software (version 3.3.1 or X, Leica Microsystems Inc., Buffalo Grove, IL). Two channels 642
were imaged simultaneously to capture MCP::GFP and H2B::mCherry at the same time, with 643 bidirectional scanning at 900 Hz and 250% zoom factor with 512X512 or 1024X512 resolution. The green 644 channel was imaged with the excitation laser at 488 nm (0.3-0.4% laser power, Argon, 40% gain) and the 645 red channel with the excitation laser at 594 nm (0.6-1% laser power, HeNe, 40% gain), with a pinhole 646 size at 105.1 µm. A line average of two snapshots was used for all channels. All imaging was done with 647
HyDs, including DIC. Signal acquisition windows (a range of wavelength in which signals are collected by 648 HyDs) were carefully selected to minimize bleed-through (each window started 10-nm longer than the 649 excitation laser and spanned 50 nm). All gonads were imaged with a total z-depth of >15 µm and a z-650 step size of 0.4 µm. Worms that were not completely immobilized on the slide, or whose pharynges 651
were not actively pumping, were excluded from live imaging and analyses. Multi-point imaging and 652 autofocusing functions embedded in the LAS image acquisition software (3.3.1 or X) were used during all 653 image acquisitions. Up to six gonads were imaged in each set of time-lapse recordings. Images were 654 initially taken every 1, 2, 5, or 10 minutes, and a 5-minute interval was chosen as an optimal setting to 655 capture the dynamics of the MCP::GFP signals with minimal light exposure. Autofocusing was conducted 656
at every other time point in the DIC channel using the 594-nm laser. Occasionally, gonadal image drifting 657 caused by slight movements of the animal or its gonad was corrected manually. For all imaging, the 658 temperature controller, CherryTemp (Cherry Biotech, Rennes, France) with its accompanying software 659 (Cherry Biotech TC) was used (wild type at 20°C, glp-1(q224) at 15°C). 660
661
Image processing and analysis 662
Images of C. elegans gonads in individual MS2 movies were aligned in two steps using customized, 663 automated ImageJ (version 1.52h) macros (see Data Availability). These macros use the ImageJ plug-in 664 "StackReg" (Thevenaz et al., 1998) with modifications (e.g. choice of the reference image, direction for 665 the alignment). First, gonads were aligned along the z-axis at each time point using the middle plane of 666 the z-stack (the thickest region in the gonad) as a reference image. Then, these aligned z-stacks (at each 667 time point) were aligned again through all time points to keep the gonad in the same position 668 throughout the MS2 movies. These processes correct for subtle movements of the worm or natural 669 gonadal displacements due to intestinal movement during feeding. A few images that were not properly 670 corrected by the automated ImageJ macros were manually aligned, using customized ImageJ codes (see 671 Data Availability). All gonadal images were split in halves on the z-axis for further analysis to minimize 672 overlap of germ cell nuclei in the z-projected images. A circular region of interest (ROI, 1 µm diameter) 673 was drawn on each MCP::GFP dot in the z-projected (sum slices) gonadal images to measure signal 674 intensity. The same ROI was used at all time points to record intensities over time. To measure the 675 background signal intensity, at least three of the ROIs (1 µm diameter) were randomly drawn in nuclei 676 for each image and each time point, and their intensities were recorded separately. For normalization, 677 the mean background intensity was subtracted from raw MCP::GFP intensities. Further analyses used 678 the normalized signal intensities. 679
Most MCP::GFP dots did not move dramatically inside the nucleus (95% (57/60) move <1 µm). All 680 MCP::GFP dots that moved less than 1.5 µm (150% of ROI) between two consecutive time points (5 681 minutes apart) were considered as an MCP::GFP signal from the same locus. Each ROI position was kept 682 in the same coordinates within the nucleus when the tracked MCP::GFP dot disappeared during the 683 pause between active transcriptional bursts until it reappeared. The duration of transcriptional bursting 684 (ON-time, its intensity, OFF-time) and all other measurements (e.g. plots in Figure 3 ) were calculated 685 and generated using customized MATLAB codes (see Data Availability). The beginning and the ending of To compare transcriptional states at two different loci in the same nucleus over the span of the movies 697 ( Figure 3D ), the probability of a transcriptional state of two paired chromosomal loci (Both ON; One ON, 698 one OFF; or Both OFF) was estimated by the product of individual probabilities of transcriptional state at 699 each locus (e.g. "probability of ON state at locus 1" X "probability of ON state at locus 2" to estimate the 700 probability of 'Both ON'). The probability of ON state at one locus was estimated from the percentage of 701 time when that locus was transcriptionally active (MCP::GFP signal is on) during the whole movie (time 702 period of 'ON state' divided by the total length of the whole movie). In contrast, the probability of one 703 locus being inactive (OFF state) is the ratio of the sum of all OFF-times divided by the length of the 704 whole movie. To estimate the probability of 'Both ON' at paired two loci in the nucleus, two probabilities 705 of the ON state calculated for each locus were multiplied. The probabilities of transcriptional state at 706 two loci (Both ON; One ON, one OFF, or Both OFF) were then converted to percentages by multiplying 707 by 100 ( Figure 3D , 'by chance'), and compared with the percentage of time measured from the MS2 708 movies ( Figure 3D , 'actual data'). The comparison between the probability (by chance) and 709 measurement (actual data) allows us to test whether the transcriptional states of two loci in the same 710 nucleus are dependent or not. In other words, this statistical test distinguishes whether the overlap of 711 bursts observed in the actual data (both ON) is merely by chance. If the actual data for 'both ON' are 712 higher than its probability 'by chance', transcriptional burst at one locus may promote the burst at the 713 other locus. The opposite case suggests a mutually exclusive transcriptional activation at different loci in 714 the same nucleus. 715
For figure preparation, all images were processed with linear contrast enhancement in ImageJ (version 716 1.52h) using a minimum contrast of 1.10X mean background signal intensity and a maximum contrast of 717 1.25X maximum signal intensity as used in a previous study (Lee et Figure 1E . Middle, no bright dots are seen after 1.5 h treatment with 100 μg/mL α-amanitin, which 779 blocks transcription. Bottom, bright dots are restored after α-amanitin is washed out. Dashed line, 780 gonadal outline; asterisk, distal end. Scale bar, 5 μm. 0m  10m  20m  30m  40m  50m  60m  1h 10m   1h 20m  1h 30m  1h 40m  1h 50m  2h  2h 10m  2h 20m  2h 30m   0m  10m  20m  30m  40m  50m  60m  1h 10m   1h 20m  1h 30m  1h 40m  1h 50m  2h  2h 10m  2h 20m  2h 30m Box 1 (near DTC) n.s. 
